We present magnetization measurements on the single molecule magnet Fe8 in the presence of pulsed microwave radiation. A pump-probe technique is used with two microwave pulses with frequencies of 107 GHz and 118 GHz and pulse lengths of several nanoseconds to study the spin dynamics via time-resolved magnetization measurements using a Hall probe magnetometer. We find evidence for short spin-phonon relaxation times of the order of 1 µs. The temperature dependence of the spin-phonon relaxation time in our experiments is in good agreement with previously published theoretical results. We also established the presence of very short energy diffusion times, that act on a timescale of about 70 ns.
We present magnetization measurements on the single molecule magnet Fe8 in the presence of pulsed microwave radiation. A pump-probe technique is used with two microwave pulses with frequencies of 107 GHz and 118 GHz and pulse lengths of several nanoseconds to study the spin dynamics via time-resolved magnetization measurements using a Hall probe magnetometer. We find evidence for short spin-phonon relaxation times of the order of 1 µs. The temperature dependence of the spin-phonon relaxation time in our experiments is in good agreement with previously published theoretical results. We also established the presence of very short energy diffusion times, that act on a timescale of about 70 ns. Single molecular magnets (SMMs) are the novel class of materials, where identical iso-oriented magnetic molecules are regularly assembled in large crystals. Each of the molecules is built of superexchange-coupled magnetic metal ions; at low temperatures the coupling is so strong that the whole molecule can form a ground state described by a single net spin S. [1, 2, 3] By applying a magnetic field, the net (giant) spin of the molecule can be reversed; such uniaxial magnetic bistability is evidenced by hysteretic magnetization measurements. Quantum tunnelling of magnetization (QTM) though the magnetic anisotropy barrier E = DS 2 , where D is the uniaxial anisotropy parameter, is established by the presence of steps in hysteresis loops of SMMs at millikelvin temperatures. [4, 5, 6, 7, 8] At higher temperatures (few kelvin), the thermally activated relaxation can drive the molecule from the ground state spin orientation S over the barrier E to the opposite orientation −S. [1, 2, 3, 4, 5, 6, 7, 8] Due to their unique quantum properties and magnetic bistability, SMMs are currently considered as promising candidates for a variety of exciting applications, such as high-density magnetic data storage, quantum computation and magnetoelectronics. [9, 10, 11, 12] In order to develop these applications, it is important to be able to control the spin dynamics. For that purpose, we need to understand how the SMMs interact with their environment. In particular, it is essential to know the lifetimes of the exited spin states τ m , that define the spin-phonon relaxation time T 1 . The use of microwave radiation, that induces selective transitions from the ground state to the excited states, can provide a direct access to the spin dynamics. Such experiments by means of continuous-wave electron spin resonance (ESR) [2, 13] and pulsed microwaves time-resolved magnetom- * presently at Physikalisches Institut III, Universität Erlangen, Germany etry [14, 15, 16, 17, 18, 19] were performed during last years in order to get a deeper insight to the spin relaxation time T 1 and decoherence time T 2 . In these experiments it was impossible to measure T 1 directly because of the very strong phonon-bottleneck effect in Fe 8 , that screens out the fast relaxation processes. [18] A possibility to overcome this problem and to get in- sight in fast relaxation processes and spin dynamics on a nanosecond scale is the use of a time-resolved pumpprobe technique. A typical pump-probe experiment employs short pulses of two different microwave frequencies, that match the resonance condition between two energy levels at the same magnetic field value, as shown in Fig.  1a . The time resolution of the experiment is achieved by precise control of the delay time between the pump pulse and the probe pulse. In this letter we use different two-pulse-techniques with microwave radiation in order to study the level lifetimes of excited spin states in the molecular magnet Fe 8 as well as fast energy diffusion processes.
In our work we focus on the transitions between the ground state and the first excited states that occur for microwave frequencies of f = 118 GHz and f = 107 GHz at a magnetic field µ 0 H = 0.2 T, as can be seen in Fig.  1a . When applying a short pulse of microwaves, the magnetization of the sample decreases during resonant excitation and after the end of the pulse it relaxes back to the equilibrium value (Fig. 1b) . The microwave pulses have a length of typically 20 to 50 ns. Therefore we can be sure that the sample's temperature is almost constant during such short excitation, as it was shown previously for much longer pulses. [17] The first microwave pulse excites spins from an energy level m to an excited energy level m + 1. The second microwave pulse excites the spins from the excited level m + 1 to an even higher level m + 2 with a time delay ∆t in respect to the first microwave pulse. The magnetization decrease ∆V , due to the second pulse, only depends on the lifetime τ m+1 of the energy level m + 1 For ∆t ≪ τ m+1 most of the spins pumped from m to m + 1 are still in the state m + 1 and can be excited with the second pulse to the higher spin state m + 2. For ∆t ≫ τ m+1 most of the spins from the state m + 1 already relaxed to the ground state m and therefore the second pulse is not very efficient in exciting spins from m + 1 to m + 2. Thus the magnetization decrease ∆V as function of the delay time ∆t between the pulses provides information about the fast relaxation processes on a nanosecond scale. Continuous microwaves were produced by mechanically tuneable Gunn oscillators with nominal output power of several milliwatts. A PIN switch allowed us to produce very short pulses of microwaves down to 3 ns. We chose a repetition rate of the pulse sequences of 5000 Hz to insure that the crystal stays at the cryostat temperature. The microwaves propageated in an oversized circular waveguide and were focused with a conical end piece to the sample. The sample was placed into a 4 He cryostat with its easy axis parallel to the external applied magnetic field. The time-resolved magnetization measurements on the micrometer-sized sample were done with a Hall bar magnetometer. The Hall bar with a 10 µm arm width were fabricated from delta-doped AlGaAs/InGaAs/GaAs pseudomorphic heterostructures grown by Picogiga using molecular beam epitaxy. [18] The Hall voltage, that is of the order of magnitude of several µV, is amplified by a low noise preamplifier with large frequency bandwidth f BW > 100 MHz. The timeresolved magnetization measurements were averaged typically over 1000 events. Fig. 2 shows the magnetization decrease ∆M during microwave irradiation as a function of the applied magnetic field. This plot allows us to identify the different resonances according to the microwave frequency. The first resonance for f = 118 GHz (m s = −10 to m s = −9) and also f = 107 GHz (m s = −9 to m s = −8) is located at a magnetic field µ 0 H = 0.2 T. The detection of transitions between spin states with pulsed microwaves in terms of measuring ∆M is possible even for very short microwave pulses of the order of several nanoseconds. In the experiments described below we will always excite the spin system at this first resonance at a magnetic field µ 0 H = 0.2 T. Fig. 3 shows a set of time-resolved magnetization measurements from a typical pump-probe experiment. The delay of the two microwave pulses is varied in the range of zero to several hundereds of nanoseconds. The corresponding time-resolved plots show a pronounced minimum in the magnetization due to the second microwave pulse. Several features, such as the quite smooth changes of magnetization at the beginning and at the end of the microwave pulses or the rather slow relaxation of magnetization after the two pulses are likely due to a limited response time of the Hall sensor.
In plotting the response to the second microwave pulse ∆V as a function of the delay time ∆t, as shown in Fig.  4 , we obtain information about the spin dynamics on a nanosecond scale. The first microwave pulse p 1 excites spins from an energy level m s = −10 to the excited energy level m s = −9. The second microwave pulse p 2 excites the spins from the excited level m s = −9 to an even higher level m s = −8. During the delay time be- tween the pulses the spins can relax back to the ground state on a characteristic time scale, i.e. the energy level lifetime τ m . As the response to p 2 is directly proportional to the amount of spins in the excited level m s = −9, we can observe the relaxation of the spins from m s = −9 to m s = −10 when plotting ∆V as a function of the delay time ∆t. When fitting the experimental data we observed an exponential decay of ∆V as a function of ∆t with a caracteristic decay time between 2 µs and 400 ns with a strong temperature dependence.
The obtained energy level lifetime τ −9 at different temperatures is in good agreement with already published experimental and theoretical results. [20, 21] The above presented pump-probe technique is only sensitive to a small part of the spins that fullfill the resonant condition. Due to spin-spin interactions the energy absorbed by the molecules in resonance diffuses to molecules that are not in resonance. This energy diffusion inside the crystal can be studied by a pumpprobe technique employing only one single microwave frequency. [22] The first pulse with frequency f = 118 GHz excites a fraction of spins that are in resonance from the ground state m s = −10 to m s = −9 at µ 0 H = 0.2 T. The second pulse, after a certain time delay ∆t, probes the evolution of the excited spins. In case of an inhomogneous broadened absorption line, the second pulse probes whether the burnt hole in the spin distribution of the first pulse evolved during the delay time ∆t. Fig.  5 shows the response of the second pulse as a function of the delay between the pulses. It can be clearly seen, that ∆V is increasing in the range from ∆t=0 to 70 ns, suggesting that the energy diffusion time inside the crystal is around 70 ns. In our experiments no temperature dependence of the energy diffusion time was observed in the temperature interval 1.6 to 3 K. For longer delay times ∆t > 70 ns the pulses start to get independent and therefore ∆V starts to decrease.
The observed energy diffusion time that acts on a very short time scale is mainly due to intermolecular, dipole and hyperfine interactions. The dipolar and hyperfine coupling in the Fe 8 molecule in a crystalline sample has been investigated in numerous publications [23, 24, 25, 26] . When converting the observed time scale τ dif f = 70 ns to a caracteristic energy (E = h/τ dif f ) and assuming this energy is the dipolar interaction energy of a macroscopic spin s = 10 in a magnetic field, we obtain a field B ≈ 1 mT. This value suggests that the energy diffusion is dominated by relaxation processes to nuclear spins rather than intermolecular dipolar intercation. Indeed, when energy resonantly diffuses from spin to spin, a small shift in the energy can occur. In general, this shift can be provided either by spin-phonon, dipole or hyperfine interactions. However, the number of lowenergy phonons is very small in SMMs. Energy diffusion due to dipole interactions involve many spins simultaneously. It has thus a small probability. Therefore, the hyperfine interaction seems to be the most favourable relaxation process because it involves mainly three bodies (two spins and one nuclear spin).
In conclusion we presented pump-probe and hole burning experiments on the SMM Fe 8 with pulsed microwaves at 107 and 118 GHz. These experiments allowed us to investigate the level lifetimes of excited spin states and energy diffusion effects, that are both found to be important in terms of spin relaxation. The level lifetime of the first excited state τ −9 was found to be about 1 µs, with a strong temperature dependence that can be well explained with general spin-phonon coupling theory. The energy diffussion time in the crystal was studied with hole burning experiments and was determined to be about 70 ns.
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